Rationale Monoamine reuptake inhibitors can stimulate expression of brain-derived neurotrophic factor (BDNF) and alter long-term potentiation (LTP), a widely used model for the synaptic mechanisms that underlie memory formation. BDNF expression is upregulated during LTP, and BDNF in turn positively modulates LTP. Previously, we found that treatment with venlafaxine, a serotonin and norepinephrine reuptake inhibitor (SNRI), but not citalopram, a selective serotonin reuptake inhibitor (SSRI), reduced LTP in hippocampal area CA1 without changing hippocampal BDNF protein expression. Objectives We tested the hypothesis that combined serotonin and norepinephrine reuptake inhibition is necessary for LTP impairment, and we reexamined the potential role of BDNF by testing for region-specific changes in areas CA1, CA3, and dentate gyrus. We also tested whether early events in the LTP signaling pathway were altered to impair LTP. Methods Animals were treated for 21 days with venlafaxine, imipramine, fluoxetine, or maprotiline. In vitro hippocampal slices were used for electrophysiological measurements. Protein expression was measured by enzyme-linked immunosorbent assay (ELISA) and Western blotting. Results LTP was impaired only following treatment with combined serotonin and norepinephrine reuptake inhibitors (venlafaxine, imipramine) but not with selective serotonin (fluoxetine) or norepinephrine (maprotiline) reuptake inhibitors. BDNF protein expression was not altered by venlafaxine or imipramine treatment, nor were postsynaptic depolarization during LTP inducing stimulation or synaptic membrane NMDA receptor subunit expression affected. Conclusions LTP is impaired by chronic treatment with antidepressant that inhibit both serotonin and norepinephrine reuptake; this impairment results from changes that are downstream of postsynaptic depolarization and calcium influx.
Introduction
Antidepressants have been used for over five decades, but the fundamental mechanisms of their therapeutic action are still unknown. The original theory of antidepressant action was based on the ability of the tricyclics and monoamine oxidase inhibitors to elevate norepinephrine and serotonin concentrations (Schildkraut 1965) . While monoamine levels are altered quickly by antidepressants, a delay of 2-3 weeks precedes detectable clinical response, indicating that the therapeutic response is mediated by additional processes (Tardito et al. 2006) . Nibuya et al. (1995) reported that chronic antidepressant treatment increases expression of brain-derived neurotrophic factor (BDNF) mRNA. This finding stimulated formation of the neurotrophin hypothesis, which explains the delay between treatment and relief of symptoms by the time required for altered neurotrophin expression and consequent synaptic plasticity (Castrén et al. 2007; Duman and Monteggia 2006; Calabrese et al. 2009 ). The neurotrophin hypothesis is supported by animal studies showing elevated BDNF mRNA following antidepressant treatment (Nibuya et al. 1996; Russo-Neustadt et al. 2000; De Foubert et al. 2004) . Further supporting evidence comes from human studies reporting decreased serum BDNF in depressed patients (Karege et al. 2002; Shimizu et al. 2003) , and elevated serum BDNF after antidepressant treatment (Shimizu et al. 2003; Aydemir et al. 2005; Gonul et al. 2005) .
Neurotrophins are released in an activity-dependent manner (Greenberg et al. 2009 ). During long-term potentiation (LTP), an activity-dependent form of synaptic plasticity (Blundon and Zakharenko 2008) , BDNF mRNA is upregulated (Patterson et al. 1992; Castrén et al. 1993 ). In addition, BDNF modulates LTP induction and persistence (Figurov et al. 1996; Patterson et al. 1996; Pang et al. 2004 ). These findings predict that elevated BDNF levels following antidepressant treatment should affect LTP. In a previous study, we found that chronic treatment with venlafaxine, a serotonin and norepinephrine reuptake inhibitor, impaired LTP in the hippocampus without affecting hippocampal BDNF protein levels, whereas a selective serotonin reuptake inhibitor, citalopram, did not impair LTP ). Our previous findings suggest that antidepressant effects on LTP might be limited to drugs that inhibit both serotonin and norepinephrine reuptake, and that effects on LTP are not mediated by BDNF. In this study, we tested selective serotonin, selective norepinephrine, and combined reuptake inhibitors for effects on LTP. We also examined BDNF levels in the CA1, CA3, and dentate gyrus regions of the hippocampus, to determine if our previous failure to find changes in BDNF protein may have been due to our use of whole hippocampus homogenates. Finally, we investigated several potential mechanisms for the inhibition of LTP by antidepressants.
Methods

Animals
A total of 134 male Sprague-Dawley rats Hilltop) were used. Animals were housed in pairs, on a 12-h light/dark schedule under controlled temperature and relative humidity, with food and water available ad libitum. Antidepressant drugs were administered orally as described previously ) in sweetened condensed milk. Animals received vehicle solution for 3-5 days before assignment to a drug or control treatment. Animals in a drug treatment group received one of four drugs (all at 10 mg/kg in 10-ml vehicle, once per day): venlafaxine (a serotonin and norepinephrine reuptake inhibitor (SNRI)), imipramine, a tricyclic which inhibits reuptake of serotonin and norepinephrine, maprotiline, a norepinephrine reuptake inhibitor (NRI), or fluoxetine (a selective serotonin reuptake inhibitor (SSRI)). Drug-treated animals were run in small groups of two to four, with an equal number of control animals (10 ml vehicle only). Treatment duration was 21 days, after which the animals were humanely euthanized by inhalation of a CO 2 /air mixture and decapitated.
After euthanasia, the brain was quickly removed and immersed in chilled artificial cerebrospinal fluid (ACSF), composed of 124 mM NaCl, 26 mM NaHCO 3 , 3.4 mM KCl, 1.2 mM NaH 2 PO 4 , 2.0 mM CaCl 2 , 2.0 mM MgSO 4 , 10 mM glucose, pH 7.35, equilibrated with 95 % O 2 , 5 % CO 2 . Coronal slices (400 μm) were cut using a vibrating microtome (Campden Instruments). Slices containing the hippocampus in a transverse orientation were dissected to isolate the hippocampus from surrounding brain tissue, yielding 10-14 individual hippocampal slices. Half of the slices were stored at room temperature in an interface holding chamber for later electrophysiological recordings. The remaining slices were micro-dissected into areas CA1, CA3, and dentate gyrus. Micro-dissected slices were rapidly frozen, and stored at −80°C for later protein analysis.
Electrophysiology
Our electrophysiological methods have been described previously Grover et al. 2009 ). Slices were transferred to an interface recording chamber (35°C) for extracellular field potential or whole-cell patch clamp recording, and perfused continuously at 1-1.6 ml/min with ACSF.
Extracellular recordings
A glass micropipette recording electrode (3-5 MΩ) filled with ACSF was placed in stratum radiatum of area CA1. Field potentials were amplified (gain 100-1,000), filtered (0.1 Hz-10 kHz), digitized (10-100 kHz; National Instruments), and stored on a personal computer using WinWCP software (Strathclyde Electrophysiology Software, John Dempster, University of Strathclyde). A bipolar stimulating electrode was placed in stratum radiatum, about 500 μm from the recording electrode. Biphasic constant voltage stimuli (0.1 ms duration) were delivered at 0.067 Hz. Stimulation voltage was varied from 1 to 10 V to create an input/output curve plotting field excitatory postsynaptic potential (EPSP) slope vs stimulus intensity. The population spike threshold intensity was determined and this intensity was used for the remainder of the recording.
Test stimulation was given for at least 15 min to establish a stable baseline response, after which we attempted to induce LTP with high frequency stimulation (HFS; 100 Hz, 1 s) or theta burst stimulation (TBS; 20 bursts of stimuli repeated at 5 Hz, each burst consisting of 4 stimuli at 100 Hz). Test stimulation was resumed approximately 15 s following attempted LTP induction, and continued for at least 1 h. EPSP slopes were normalized relative to the mean slope during the last 5 min of the baseline recording period and expressed as percentage change from baseline. Normalized EPSP slopes at 55-60 min post-tetanus were compared between drug-treated and control groups. In one set of recordings, slices received HFS in the presence of bicuculline, a GABA A receptor antagonist.
Whole-cell recordings
Patch electrodes (3-5 MΩ) were filled with 140 mM potassium gluconate, 10 mM sodium HEPES, and 3 mM MgCl 2 , adjusted to 285-290 mOsm, pH 7.2. Recordings were made in current-clamp mode using an Axoclamp 2B (Axon Instruments). Membrane potentials were amplified (gain 10), low pass filtered (3 kHz), digitized (10-100 kHz; National Instruments), and recorded on a personal computer using WinWCP or WinEDR (Strathclyde Electrophysiology Software, John Dempster, University of Strathclyde) programs. Membrane potentials were not corrected for the liquid junction potential. Input resistance was estimated from the steady-state change in membrane potential in response to −100 to −400 pA current stimulation. Responses to single stimuli and HFS were evoked as described above. Responses were first recorded in ACSF, then with GABA A receptors blocked by picrotoxin (100 μM).
Protein analysis
Protein samples were prepared as described ) from frozen, micro-dissected hippocampal slices. Tissue was homogenized in ice-cold lysis buffer (150 mM NaCl, 0.5 % sodium deoxycholate, 1 % NP-40, 50 mM Tris pH 8.0, 0.1 % sodium dodecyl sulfate) containing phosphatase inhibitors (Sigma Phosphatase Inhibitor Cocktail 1 and 2) and protease inhibitors (Roche Complete Mini), using an ultrasonic cell disruptor (Misonix). Homogenates were centrifuged (12,000×g, 4°C), and the supernatant was collected. Protein concentrations were determined using the Bradford assay (BioRad) with bovine serum albumin (Sigma) as the standard. BDNF protein concentrations were assessed using an ELISA kit (Promega BDNF Emax® ImmunoAssay System) following the manufacturer's instructions. Samples were diluted 1:10 prior to assay. Synaptosomal membranes were prepared by Dounce homogenization as described (Kim et al. 2010) . Samples were homogenized in sucrose buffer (320 mM sucrose , 10 mM Tris-HCl, pH 7.4) with phosphatase and protease inhibitors, then centrifuged for 10 min at 1,000×g, yielding a pellet (P1) and supernatant (S1). The S1 fraction was decanted and spun at 10,000×g for 20 min to obtain crude synaptosomal membranes (P2). The P2 pellet was resuspended and lysed in water with protease and phosphatase inhibitors (30 min). The lysed P2 fraction was centrifuged at 25,000×g for 20 min, and the pellet (LP1, synaptosomal membrane fraction) was resuspended in lysis buffer and inhibitors. Pellets were washed with sucrose buffer after each centrifugation.
Western blots were performed on proteins from tissue homogenates or synaptosomal membranes. Proteins (15-20 μg ) were separated by electrophoresis on gradient gels (4-15 %, BioRad), transferred to nitrocellulose membranes, and probed with antibodies against the N-methyl-D-aspartate (NMDA) receptor subunits NR2A, NR2B, and NR1 (Chemicon/Millipore, #AB1555P, 1:5,000; BD Biosciences, #610416, 1:5,000; BD Biosciences, #556308, 1:5,000); PSD-95 (Millipore, #MAB1598, 1:10,000) and tropomyosinrelated kinase B (TrkB) (clone 80E3, Cell Signaling, cat # 4603); β-actin (Sigma, #A2228, 1:10,000) was used as a loading control. After exposure to primary antibody, membranes were washed (tris-buffered saline containing 0.05 % Tween 20) then incubated with HRP conjugated secondary antibodies (Sigma, 1:20,000-1:50,000), and washed again. Blots were then incubated with ECL Advance (GE Healthcare) solution and exposed to film. Densitometry was performed using ImageJ software (Wayne Rasband, NIH). For NMDA receptor subunits, blots were initially probed for NR1, NR2A, or NR2B, then stripped using Restore™ buffer (Thermo Scientific) and reprobed for remaining NMDA receptor subunits and PSD-95; all blots were stripped and reprobed for β-actin.
Statistics
Comparisons were made between drug-treated and control using unpaired student's t tests (two-tailed). A p value ≤0.05 was considered significant. Statistical analysis was performed using Gnumeric (http://www.gnome.org/projects/gnumeric/) and Origin software (Microcal). Values are reported as mean± 1 SEM.
Results
LTP was impaired by serotonin and norepinephrine reuptake inhibitors
We examined LTP in slices from animals that were treated with venlafaxine for 3 weeks. As we reported previously ), LTP induced by HFS was significantly reduced by chronic venlafaxine treatment (Fig. 1a) . Although HFS initially increased the EPSP slope in both groups, potentiation was maintained only in slices prepared from control animals. In control slices (n=12), EPSP slopes at 55-60 min following HFS were increased by 20.7±6.5 %, while slices from the venlafaxine-treated group (n=16) had a mean change in EPSP slope of only 1.1±5.6 % (p<0.03 vs control). We next examined slices from imipramine-treated animals. While slices from control animals (n=18) showed reliable LTP (see Fig. 1b) , with a mean increase in EPSP slope at 55-60 min post-tetanus of 14.3±4.3 %, LTP again failed in slices from imipramine-treated animals (n=16), which showed no change in EPSP slope at 55-60 min post-tetanus (0.3±3.3 %, p<0.02 vs control).
These data indicate that chronic inhibition of both serotonin and norepinephrine reuptake is sufficient to impair LTP. To determine if inhibition of reuptake for both neurotransmitters is necessary, we examined drugs which selectively inhibit reuptake of only one neurotransmitter: first, maprotiline, an NRI, and second, fluoxetine, an SSRI. In contrast to results obtained with venlafaxine and imipramine, 3 weeks of treatment with maprotiline or fluoxetine had no significant effects on LTP (see Fig. 1c, d ). Slices from maprotiline-treated animals (n=19) demonstrated a mean increase in EPSP slope of 15.1±6.9 % at 55-60 min post-tetanus, which did not differ from control slices (n=24), 19.4±6.7 % (p>0.65). Similarly, LTP in slices from fluoxetine-treated animals did not differ from LTP in slices from control animals. At 55-60 min posttetanus, EPSP slopes in slices in the fluoxetine group (n=14) were increased by 26.7±7.6 %, while control slices (n=12) averaged 19.5±3.9 % (p>0.40). These data indicate that chronic inhibition of both serotonin and norepinephrine reuptake is required for LTP impairment, and inhibition of either serotonin or norepinephrine reuptake by itself is not sufficient to impair LTP. Since antidepressants have previously been shown to alter BDNF expression, and since BDNF is implicated in LTP, we examined hippocampal tissue for changes in BDNF and TrkB expression.
BDNF and TrkB protein levels in hippocampus were unaffected by drug treatment Previously, we found no effect of venlafaxine treatment on BDNF protein ). However, in that study, we examined BDNF expression in homogenates of whole hippocampus, and region-specific changes may have been obscured. To test for region-specific differences, we microdissected hippocampal slices into CA1, CA3, and dentate gyrus and analyzed BDNF separately in each of these areas. We examined all three areas in tissue from venlafaxine-treated animals and area CA1 in hippocampus from imipraminetreated animals (Fig. 2a) . In hippocampus from the venlafaxine-treated group (n=6), area CA1 contained 50.6± 8.1 pg BDNF/mg protein, which was virtually identical to the value obtained area CA1 from control animals (n=7), 49.1± 8.7 pg BDNF/mg protein). For area CA3, the venlafaxine treatment condition had 68.0±11.3 pg BDNF/mg protein, while controls had 74.5±12.8 pg BDNF/mg protein. A similar pattern was obtained in dentate gyrus, with 145.0±13.8 pg BDNF/mg protein in the venlafaxine condition, and 138.8± 9.7 pg BDNF/mg protein in controls. None of these differences were significant (all p values >0.70). We also examined BDNF expression in area CA1-the area in which we conducted our electrophysiological experiments-following imipramine treatment. As with venlafaxine, imipramine treatment failed to alter BDNF expression. Area CA1 from imipramine-treated animals (n=9) contained 17.8±2.3 pg BDNF/mg protein, a value that did not differ (p>0.70) from controls (n=9; 19.0±2.3 pg BDNF/mg protein). Because neither venlafaxine nor imipramine affected BDNF protein expression, their effects on LTP cannot be explained by changes in BDNF abundance, but BDNF signaling could have been affected by changes in TrkB expression. However, treatment with venlafaxine failed to alter TrkB expression (Fig. 2b) in any of the three major subdivisions of the hippocampus (p values>0.35 for areas CA1, CA3, and dentate gyrus).
Normal LTP observed with TBS or bicuculline treatment
The HFS protocol that we used above to test effects of antidepressants produces a relatively modest level of potentiation. Inhibition of LTP by venlafaxine and imipramine might be overcome by a stronger LTP induction protocol. We tested this possibility using two additional LTP induction protocols that yield more robust potentiation: TBS (Larson et al. 1986; Grover et al. 2009 ) and HFS given during block of GABA A receptors (Wigström and Gustafsson 1983; Grover and Yan 1999) . In control slices (n=12), TBS produced a large amplitude LTP with a mean EPSP slope increase of 33.1±6.2 % at 55-60 min following LTP induction (Fig. 3a) . In contrast to earlier results (compare Figs. 1a and 3a) , slices from the venlafaxine-treated group (n=10) showed persistent potentiation following TBS; at 55-60 min post, EPSP slopes were increased by 26.3±11.5 %, which was not different from control (p>0.55). Similarly, when we delivered HFS in the presence of bicuculline (GABA A receptor antagonist), LTP in control slices (n=12; increase in EPSP slope of 22.8±6.6 % at 55-60 min post) did not differ from LTP in slices (n=9) from the imipramine treated-group (EPSP slope increase of 31.2± 10.7 %, p>0.45 vs control). Together, these two experiments indicate that a sufficiently strong stimulation protocol can overcome the LTP impairment.
Effects of antidepressant treatment on synaptic responses
Chronic antidepressant drug treatment might itself have caused potentiation, so that subsequent in vitro testing for additional potentiation through LTP failed due to a ceiling effect. If this were the case, then basal excitatory synaptic transmission should be enhanced by antidepressant drug treatments that inhibit LTP. To test this possibility, we compared input/output curves between slices from drug-treated and control animals (Fig. 4a) . We calculated the area under the curve (AUC) for each slice and compared slices in each drug treatment condition with slices from their corresponding control animals. Although imipramine treatment significantly increased basal synaptic transmission (increased AUC, p < 0.005), neither venlafaxine (p > 0.75), maprotiline (p >0.95), nor fluoxetine (p>0.70) significantly affected AUC. Because venlafaxine and imipramine both inhibited LTP, but venlafaxine did not alter basal excitatory synaptic transmission, a ceiling effect cannot account for the inhibition of LTP. This conclusion is supported by the strong LTP we obtained in slices from the imipramine treated-group when GABA A receptors were blocked (Fig. 3b) .
LTP in hippocampal area CA1 is induced by postsynaptic, voltage-dependent calcium influx, and antidepressant drug treatment could interfere with LTP by reducing postsynaptic depolarization during induction. Reduced postsynaptic depolarization could result from decreased glutamate receptor function or enhanced GABA receptor function. To test these possibilities, we made whole-cell current clamp recordings from CA1 pyramidal neurons. There were no differences in resting membrane potential between cells from control animals (−60.7±2.1 mV, n=8) and cells from imipramine-treated animals (−62.8±1.6 mV, n=9; p>0.25) nor were there differences in input resistance (control, 46.9 ± 6.2 MΩ, n =4; imipramine-treated, 41.7±2.8 MΩ, n=5; p>0.40). To assess possible changes in glutamate and GABA receptor function, we first recorded membrane potentials during HFS in normal ACSF, where membrane potential is affected by both glutamate and GABA synaptic transmission, and then recorded membrane potentials with GABA A receptors blocked by picrotoxin (see Fig. 4b, c) , where postsynaptic membrane potential reflects glutamate receptor stimulation only. Postsynaptic membrane potential during HFS was quantified by measuring the membrane potential immediately prior to each stimulus during HFS; this measurement reflects the summed EPSPs from previous stimuli, with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptors primarily contributing to membrane depolarization early during HFS, and both AMPA and NMDA receptors contributing later during HFS (Herron et al. 1986 ). For each cell, membrane potential measurements were averaged for EPSPs 2-4 (AMPA receptor mediated) and for the final 10 evoked EPSPs (AMPA+NMDA receptor mediated). For EPSPs 2-4 during HFS in ACSF, membrane potentials averaged −54.7± 1.5 mV for cells (n=9) from the imipramine-treated group and −54.7±1.5 mV for control cells (n=8; not significantly different, p>0.55). For the same cells, membrane potentials averaged −57.7 ± 1.8 mV (imipramine) and −55.4 ± 2.1 mV (control) over the final 10 EPSPs (also not significantly different, p>0.20). Membrane potentials at the same points during HFS with GABA A receptors blocked also were not significantly different: for EPSPs 2-4, −39.2±2.9 mV (imipramine, n=7) and −35.8±4.0 mV (control, n=7; p>0.60), and for EPSPs 91-100, −54.4±2.1 mV (imipramine) and −49± 2.5 mV (control; p>0.12). Because postsynaptic membrane potentials during HFS were not different between imipraminetreated and control groups, we conclude that impairment of LTP by antidepressants is not explained by altered postsynaptic depolarization Synaptic membrane NMDA receptor subunits were not altered with AD treatment We examined expression of NR1, NR2A, and NR2B NMDA receptor subunits in synaptic membranes prepared from area CA1 of control (n=6) and imipramine-treated (n=8) animals Fig. 2 BDNF and TrkB protein expression in micro-dissected areas of hippocampus were not affected by treatment with venlafaxine (Ven) or imipramine (Imi). A1 BDNF protein levels in CA1, CA3, and dentate gyrus (DG) did not differ between Ven and control (Con) groups (all p values >0.70). A2 No difference in BDNF protein levels in area CA1 between Imi and Con groups (p>0.70). B1 Representative TrkB Western blot from one replication. Blot with proteins from micro-dissected CA1, CA3, and DG regions from one Ven and one Con animal were probed with TrkB antibody (top), then stripped and reprobed with β-actin antibody (bottom) for loading control. Positions of molecular weight markers are shown at right, expected positions of full-length TrkB (145 kD) and β-actin proteins are shown at left. The lower molecular weight (approximately 95 kD) protein recognized by the TrkB antibody is most likely the truncated TrkB receptor lacking the kinase domain (Klein et al. 1990; Middlemas et al. 1991) . B2 For each protein sample, TrkB expression was normalized to the β-actin loading control, then all samples on the same blot were normalized relative to control, and results were averaged across blots. There were no significant differences (p values>0.35; n=7 for both Con and Ven groups) (Fig. 5) . Although NMDA receptor subunit expression appeared to be increased after imipramine treatment, with NR1 at 129±37.2 % of control, NR2A at 128.9±14.4 % of control, and NR2B at 123.2±22.0 % of control, none of these differences were significant (all p values >0.15). We examined PSD-95 expression, but it, too, was unaffected by imipramine treatment (109.1±14.5 % of control, p>0.60).
Discussion
Antidepressant impairment of LTP requires both serotonin and norepinephrine reuptake inhibition Our major finding is that chronic treatment with drugs (venlafaxine, imipramine) that inhibit reuptake of both serotonin and norepinephrine impairs LTP in hippocampal area CA1, but treatment with drugs that selectively inhibit either serotonin (fluoxetine in this study, citalopram in Cooke et al. 2009 ) or norepinephrine (maprotiline) do not impair LTP. Because our experiments were done in vitro after completion of drug treatment, the LTP impairment we observed reflects a change in hippocampal synaptic function that outlasts immediate drug effects on monoamine reuptake, and any direct drug effects on signaling mechanisms required for LTP.
Several previous studies have examined effects of antidepressants on LTP, with mixed results probably reflecting variation in methods, including in vivo vs in vitro recording, acute vs chronic treatment, and brain region examined. Acute (single dose) studies, with LTP assessed in vivo, have reported the following findings: no effect of fluvoxamine (SSRI) on LTP in the hippocampal-prefrontal cortex pathway (Ohashi et al. 2002) or the prefrontal cortex-basolateral amygdala pathway (Ohashi et al. 2003) ; inhibition of LTP in area CA1 by milnacipran (SNRI) and fluvoxamine or citalopram (both SSRIs) (Kojima et al. 2003; Tachibana et al. 2004; Mnie-Filali et al. 2006; Tachibana et al. 2006) ; and enhancement of LTP in dentate gyrus by tianeptine (serotonin uptake enhancer). Chronic antidepressant treatment with LTP assessed in vivo has also yielded variable results. Stewart and Reid (2000) treated animals for 15 days with fluoxetine and found reduced LTP in the dentate gyrus in anesthetized animals. In contrast, Ohashi et al. (2002) reported that 21 days of treatment with fluvoxamine enhanced LTP in the hippocampalprefrontal cortex pathway, but similar treatment did not affect LTP in the prefrontal cortex-basolateral amygdala pathway (Ohashi et al. 2003) . Interpretation of in vivo studies is complicated since effects of antidepressant treatment may reflect ongoing changes in monoamine neurotransmission, consequences of prior changes in monoamine neurotransmission, or direct effects of antidepressant drugs on one or more components of the LTP signaling pathway.
In vitro studies may offer more direct insight into the mechanisms through which antidepressants affect LTP. Watanabe et al. (1993) applied tricyclic antidepressants (imipramine, desipramine, amitriptyline) directly to slices while recording; these investigators reported inhibition of LTP, but this could reflect a direct drug effect, since the drugs were present during LTP recordings. Massicotte et al. (1993) found reduced LTP in area CA1 of hippocampal slices from animals treated for 7-9 days with trimipramine, a tricyclic antidepressant with atypical properties including weak inhibition of serotonin and norepinephrine reuptake (Randrup and Braestrup 1977) . Wang et al. (2008) treated animals with fluoxetine and found reduced LTP in the dentate gyrus in vitro after 5 days of treatment, but increased LTP after 25 days of treatment. A similar enhancement of LTP in the mouse dentate gyrus after 28 days of fluoxetine treatment was reported by Bath et al. (2012) , who also reported the loss of this enhancement in BDNF Val66Met knock-in animals. In contrast, in our earlier study ), we found no effect on LTP after 7 or 21 days of treatment with citalopram, Fig. 3 LTP impairment in slices from venlafaxine (Ven) and imipramine (Imi) treated animals could be overcome. a Normalized EPSP slopes at 55-60 min following theta burst stimulation were not significantly different between the Ven and control (Con) groups (p>0.55). Insets show superimposed, averaged EPSPs (baseline, final 5 min) from representative slices from the Con and Ven groups. b Normalized EPSP slopes at 55-60 min following HFS in the presence of bicuculline (Bic; application period indicated by labeled horizontal bar) were not significantly different between the Imi and Con groups (p > 0.45). Insets show superimposed, averaged EPSPs (baseline, final 5 min) from representative slices from the Con and Imi groups but inhibition of LTP following 7 or 21 days of venlafaxine treatment, whereas Rubio et al. (2013) reported inhibition of both LTP and LTD at Schaffer Collateral-CA1 synapses after 28 days of fluoxetine treatment. However, Rubio et al. used TBS to induce LTP, while we used HFS to examine effects of fluoxetine treatment. It is difficult to see a unifying pattern among all of these studies, and it is quite likely that many of these apparently anomalous findings result from key methodological differences including brain region examined (e.g., CA1 vs dentate gyrus) and LTP induction protocol (e.g., TBS vs HFS). In addition, our findings (this study and Cooke et al. 2009 ) indicate that the reuptake inhibition profile of the antidepressant drug used is a critical factor determining effects on LTP. A1 Example input-output curve from control (Con) slice. Field EPSPs were evoked by stimuli of varying intensity (1-10 V), and EPSP slopes were plotted against stimulus intensity to generate input-output curve. Area under the curve (AUC) was calculated then averaged across all slices from the same treatment condition. A2 AUC for slices from antidepressant-treated and control animals. AUC was significantly greater for Imi group compared to Con (p<0.005), but not for venlafaxine (Ven), maprotiline (Map), or fluoxetine (Fluo) groups relative to their controls (all p values >0.75). B, C No effect of imipramine treatment on postsynaptic membrane potential during HFS. B1, B2 Whole-cell current clamp recordings of membrane potentials in representative CA1 pyramidal cells from imipramine-treated and control animals. Recordings were made first in normal ACSF (B1) and then following application of 100 μM picrotoxin (Ptx; B2); HFS was 100 Hz for 1 s. For each cell, membrane potentials during HFS were compared over two time periods: early during HFS (mean membrane potential measured immediately before EPSPs 2-4), and at the end of HFS (mean membrane potential measured immediately before EPSPs 91-100). C1 Membrane potentials during HFS in normal ACSF. C2 Membrane potentials during HFS after blocking GABA A receptors with Ptx. There were no significant differences in C1 or C2 between the Imi and Con groups (all p values >0.12) Possible mechanisms of antidepressant impairment of LTP We examined several mechanisms that might influence LTP induction: changes in glutamate receptor function and expression, GABA receptor function, and BDNF/TrkB expression. Our experiments show that changes in these factors do not explain the inhibition of LTP that we observed after chronic treatment with antidepressant drugs that inhibit reuptake of both serotonin and norepinephrine.
Glutamate receptor function
NMDA receptor activation has a critical role in LTP induction in the Schaffer collateral-commissural pathway in the hippocampus CA1 field (Bliss and Collingridge 1993; Malenka and Bear 2004) . Antidepressants can inhibit NMDA receptor function (Reynolds and Miller 1988; Sernagor et al. 1989; Watanabe et al. 1993) , and this might explain impaired LTP in some previous studies where antidepressants were present during LTP recordings. However, this cannot explain the lack of LTP in our study, since antidepressants were not present during our in vitro recordings. Still, it is possible that chronic antidepressant treatment might persistently downregulate NMDA receptors. Our findings argue against downregulation of NMDA receptors: first, postsynaptic depolarization during HFS, which is partially NMDA receptor mediated (Herron et al. 1986 ), was unaffected, and second, NMDA receptor subunit abundance in synaptic membranes was not reduced. However, it is possible that our methods may not have been sufficiently sensitive to detect a subtle change in NMDA receptor function or expression.
Altered AMPA receptor function might also impair LTP, through a ceiling effect, if antidepressant treatment potentiated AMPA receptor function, or by reduced postsynaptic depolarization during HFS, if antidepressant treatment reduced AMPA receptor function. Our data argue against both possibilities. Input/output curves reflect the strength of basal AMPA receptor-mediated excitatory transmission. Although the input/output relationship was significantly increased by imipramine, it was not altered by venlafaxine, yet both impaired LTP. Moreover, impairment of LTP by imipramine was overcome by delivering HFS in the presence of a GABA A antagonist. In addition, we found no effect of prior antidepressant treatment on postsynaptic depolarization during HFS, arguing against insufficient postsynaptic depolarization.
Inhibitory function
Inhibition of LTP could result from enhanced GABA receptor function. Benzodiazepines, which enhance GABA A activation, impair LTP (del Cerro et al. 1992; Higashima et al. 1998) , and GABA A receptor antagonists enhance LTP (Grover and Yan 1999; Wigström and Gustafsson 1983) . Any increase in inhibitory function that might impair LTP should have reduced postsynaptic depolarization during HFS. However, our whole-cell recordings showed equivalent membrane potential changes during HFS in cells from control and antidepressant-treated animals.
BDNF and TrkB
BDNF is important in LTP (Poo 2001; Minichiello 2009) , and previous studies reported increased BDNF expression after antidepressant treatment (Castrén and Rantamäki 2010; Duman and Monteggia 2006) . To investigate possible contribution of altered BDNF levels, we measured BDNF protein after venlafaxine and imipramine treatment. We failed to find any changes in BDNF protein in areas CA1, CA3, and dentate was normalized to β-actin, and then all values on the same blot were normalized relative to the mean control value. Results were averaged across blots. There were no significant differences in NMDA receptor subunit expression (all p values >0.15) or gyrus. This finding is consistent with previous studies by us and others (Altar et al. 2003; Balu et al. 2008; Cooke et al. 2009 ). Since BDNF primarily exerts its actions through TrkB receptor binding, we measured TrkB protein expression by Western blotting but failed to find any effect of antidepressant treatment. Our results argue against the contribution of a sustained change in BDNF or TrkB expression in the impairment of LTP by antidepressant drugs. We cannot exclude a short-lived change in BDNF signaling that did not persist through the entire 21-day treatment period, but that nonetheless may have had a critical role in initiating the changes that lead to impaired LTP. Also, we cannot exclude an increase in TrkB signaling which could occur even in the absence of any detectable change in BDNF or TrkB protein. This could occur, for example, if increased BDNF release was accompanied by a matching increase in BDNF production. An increase in TrkB signaling might be detected by changes in TrkB phosphorylational status (Reichardt 2006) ; however, the absence of such changes at the 21-day time point could not exclude earlier, non-sustained but potentially critical changes in TrkB signaling.
Other explanations
We were unable to implicate early signaling events (postsynaptic depolarization during HFS, altered NMDA receptor expression) suggesting that the impairment of LTP by prior antidepressant treatment involves downstream events in LTP induction. Based on their known importance for LTP (Silva et al. 1992; Deisseroth et al. 1996; Lu et al. 1999; Kasahara et al. 2001) , likely candidates are Ca 2+ -calmodulin dependent protein kinase (CaMK) II or IV, and cAMP response element binding protein (CREB). Prior work has established that CaMKs (Tiraboschi et al. 2004a, b; Barbiero et al. 2007 ) and CREB (Schwaninger et al. 1995; Nibuya et al. 1996; Thome et al. 2000) are affected by antidepressant treatment.
Variability in LTP magnitude and BDNF protein
We observed unexpected variability in LTP magnitude, with weaker potentiation in slices from both imipraminetreated animals and their controls compared to other antidepressant treatments and their respective controls (compare results in panel b of Fig. 1 with panels a, c, and d) . Because we ran animals in small groups (2-4 treated and an equal number control animal) with treatment duration of 3 weeks, in order to achieve the necessary number of replications, each experimental treatment required running multiple groups and therefore several months. As a consequence, our experiments were run over the course of approximately 2 years. We do not have an explanation for the variability in LTP magnitude, but it might reflect a seasonal effect on LTP (Grey and Burrell 2011; Walton et al. 2011 ).
We do not believe this variability affected the outcome of our study, however, because all of our comparisons were made between control and treated animals that were run at the same time. In support, we note that the magnitude of effect of venlafaxine and imipramine (the difference between control and treated) was nearly identical, despite the differences in control LTP magnitude.
We also observed unexpected variability in BDNF protein levels for area CA1, with greater BDNF protein in the venlafaxine-treated group and its control (approximately 50 pg/mg protein) compared to the imipramine-treated group and its control (approximately 20 pg/mg protein). Again, because our experiments required running several small groups of animals over a long period of time, it is possible that seasonal effects might account for this variability, but we do not believe that this variability can explain the lack of antidepressant effect on BDNF protein, since all of our comparisons between control and antidepressant treatments were made on animals that were run at the same time, and any effect of venlafaxine or imipramine on BDNF protein would have been detected by comparison against the relevant controls.
Relevance to antidepressant drug therapy Does the effect of antidepressant drugs on LTP have relevance for antidepressant drug therapy? In addition to the impairment of LTP by monoamine reuptake inhibitors that we and others have reported, electroconvulsive shock both relieves depression (Linington and Harris 1988; Eitan and Lerer 2006) and inhibits LTP (Anwyl et al. 1987; Trepel and Racine 1999; Stewart and Reid 2000) . Similarly, sleep deprivation has long been recognized for beneficial effects in some depressed patients (Roy and Bhanji 1976) and more recently has been show to impair LTP (Campbell et al. 2002; Davis et al. 2003; Kim et al. 2005 Kim et al. , 2010 . Finally, treatment with the NMDA receptor antagonist, ketamine, which like other NMDA receptor blockers can prevent LTP (Desmond et al. 1991; Maren et al. 1991) , rapidly improves symptoms of depression (Skolnick et al. 2009; Hashimoto 2011) . We suggest that impairment of LTP or an LTP-like process may contribute to the effectiveness of antidepressant therapies.
Conclusions
We demonstrated that LTP is impaired by chronic treatment with antidepressant that inhibit both serotonin and norepinephrine reuptake. Our data indicate that reduced postsynaptic depolarization and NMDA receptor function do not underlie the impairment of LTP; this impairment may result from changes in one or more of the calcium-regulated components of the LTP signaling pathway. Our data indicate that a sustained alteration in BDNF availability is not required for antidepressant effects on LTP.
